UNCLASSIFIED

AD NUMBER

AD484780

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors; Critical Technol ogy; AUG
1966. Ot her requests shall be referred to Naval

Air Systens Conmand, Washi ngton, DC 20350. This

docunent contains export-controlled technical
dat a.

AUTHORITY
usnps Itr, 28 jun 1971

THISPAGE ISUNCLASSIFIED




£y

- .

e\

18478¢

oot
Ane - cmnew &0

‘”~‘1.

Fepe 00 . stem

n-ug‘— s oA

» W
!U-M’Qv

UNITED STATES

THESIS

NAVAL POSTGRADUATE SCHOOL

AN INVESTIGATION OF THE EFFECT OF
ACCELERATIONR ON THE BUBRNIKCG RATE
OF COMPOSITE PROPELLANTS

oy

Jazes Bruce Anderson

Zugust 1656

This doctmexnt is sthject to special expor: coz-
trels and each trazsemintel o foreigpn goverzment
or foreiga zaticnals may be made oxly wih prior
approval cf the U. S. Naw: . Postgradzate School.




AN INVESTIGATICN OF THE EFFECT OF
ACCELERATION ON THE BURNING RATE
OF COMPOSITE PROPELLANTS

by

James Bruce Anderson
Lieutenant Commander, United States Navy
B.S., Stanford University, 1956

Submitted in partial fulfillment of
the requirements for the ‘degree of

DOCTOR OF PHILOSOPHY

from the
UNITED STATES NAVAL POSTGRADUATE SCHOOL
August 1966
Signature cf Author
kero iculum, August 1

Certified by f é-. MM

Thesis Advisor

AN . « SN
Accepted by: / C"‘LJ U}. @

Chalrsan, Departaent of Aeronsnutical Engineering

N A=A/ W |

Acsdenic Dean

. -

AR, SHI S B ot 1 W




Y

ABSTRACT

The average burning rates of composite sclid rocket
propellants wWere measured in acceleration fields up to 2000
times the standard acceleration of gravity. The accelera-
tion vector was perpendicular to and into the burning sur-
face. Propellant strands were burned in a combustion bomd
mounted on a centrifuge, and surge tanks were employed to
ensure essentiélly constant pressure burning at 500, 1000,
and 1500 psia.

The burning rates of both aluminized and non-aluminized
composite propellants were found to depend on acceleration.
The effect of acceleration on burning rate was fecund to de-
pend on the burning rate of the propellant without accelera-
tion, aluminum mass loading, and aluminum mass medlan par-
ticle size. The relative burnirg rate increase was found
to te greater for slow burning propeilants than for faster
burning propellants.

The experimental results are compared with two models
proposed by other investigators. The results indicate that
rore coaplex modeling will be required tc explaln the ob-

served acceleraticn effects.
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CHAPTER I ~
INTRODUCTION

The stability of space probes and rocket assist._ pro-
Sectiles 1is frequently obtaired by spinning the vehicles
about thelr longlitudinal axes. In the case of rocket as-
sisted projectiles, mhere ore ¥ouid like to use existing
artillery rifles, spin rates are several thousand RPX. Space
probes can ustally be stablilized satisfactorily bty a splin
rate of several hundred HP¥.

Early development programs involving spin stabilized
vehicles propelied by 301ld propéllant rocket motaors shiwed
that ststic motor firings nc longer provided satisfactory
predictions of in-Tlight performance. Telemetered flight
data indicated higher combustion chasber pressures, shorter
burning timze, and lower tctal lmpulsze. This dehavior was
Torrd to occur with end-daTning grairns as well as star
shepsd and cylindricai port internal darning grains.

As 3 Tes[it of these early obserwatlons. stbsequent
development programs have included spin testing of fali size
prototype xotors. The magnitude of the observed effects is
indicated by typlical spin test resuits (’i.. iﬁ'a. as shown In
Pigures I and 2. These tesis have genersiiy bLeen almed at
deterzining the pretotype perforsance tnder the actzal spin

i%aabers ir brackets [ ] irdicate references iisted
on page 192.
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3 enTirerment and then sttempiing to reduce performence 1osses .
tc 2n goceptadle lavel by changing the propeilant coxposi-
ticn end/for srain desizn. The NAS2Z Lansley Resesrch Centex
(N2Sx-1aC) hes txo Tacilities for snch testing. Thelir
Botket Motor Spin Test Apperatos [21 ks been used o test
Tire soild rocket motors ¥a2ighins up To 2800 pertmis with
dismaters up to 30 inmcres emd lenmgtis Lo 147 imchas. Xotor
- pexformsnce hes bean imTestigel2d & syin xsbtes Txem 10D %o
oDD M. Their Vsriadhie Iymanic Force Taclor 2otkat Test
ATperatos ['a is desizmzd to stniy TR comdimed effezts of

axisl sceelerpiicon and spim.

e

EsTiy wook of 2 nore fomdswants? mpiave NS trmdevisyen
by Eadal, Imc. [-%]. in ¥xhich soeil enA-Tormirms notors wame -

moznted 1 8 CantTifnge a0 Tived whils sodhliacled Lo 2ol

i anan ® o

eTaticon Jieldds op To 10D times e standexd srccelerstic: o

ZTeTity. Tarlcous $0iid prerpeila=is were inTestizated amd
the guaiitutive Tesmits ImAicate 3t atoaleralic: doxs i
dead affest e Locuing mate; hie dezxver Lelnmp depeniemt wp-
o the propeilant tFps ami the criextaticm <l Lthe acorierz-
ticm verior Yo the Lurmimg saofsce. The sizrnificzxnre cf
the Tesnils wes st cizramed howeTer Ly the depositicom
cf sizg im the motT moosie ot Sring Lormimg.

The oowbustiom cme Im £ SPItming., eni-troming Torket

mataw i schisrtsd o am pesslampdiem Tarlor pamElel TO

i
the TooMing sydace.  SoweTer., The Inmformsticm araliiadbie o = i
date Inflicaies t3nt the effect of 3pin om prepeilsnt Bom-

Ing et In eni-3nming motens may D2 lamprly due t

22




erosiTte bnz-n!zzz cansed by the formaticon of a voriex in the
motor chander. The coxbusticn zone im a spizning moltor
with an inerval borming cylindricai port gralx is sub-

cted To anx accEieratlion Tector pexpeniicnier o tThe durm-
irg gorfsce. Im additTicn, 2 TOTteX can be expecteld im the
Erain port. The work meported by Bedel [&] indicates trat
tThe yailal artctelersticn iz & sizgnificant factor, a it is
noT XDTWn T thls tine whetder vortlicliy Im the zreln pors
2igo affecTts the ioming rate. I zas &rnamics inm the greln
poxt i3 a sIZNITicant fattor, compliizg with e azzelere-
Ticm affecis may be izroiveld.

In viex of tde irpoxtante cf spim elffects o the deg-
madation of xorke: motoTr pexicTmance s The coxpilete Aack
of guaniitative experizental iwformaticn it was decided
to comldnet & cavelnl sxtuly of cre aspert of the prohilex.
Eallist sTtTeleratics appeae . be the xost poobstie cecse
<l the Lmoming Tete intreases SoserTel Inm spimming motors
¥it Ixntermel Turming zreliys and Jor thig Deason mas choeen
as She 3object Jor Lxvestigaticm.

The cblertives cf the izwestlipaticm were t~wee-foid.
The Titzt odjertive was To deternime the goartitative elfest
of arzeieraticm o the Lioxing =wie of Iypizel soild com-
Posite propeiiaxts hlle burmling T omEiaxt poessive. The

m.-. Am‘-l—. .Y e R m .-"Aaﬂ- '-d‘ WIS SRSITUL T AASE S

e WA A F aaa e e S

The Turming Tebe IntTexse 4T & glven arreleraticm. The thizd

2!&:: Intrease In propeliast DiToing Tale odserved In
the presence <l Righ Telotity gar Tlow pareiiel %o the durm-
ing soxdade iz caliled ensclite urming.

21




cblactliTe Xas to Tind the effect of charzimg 23wmirom nass
lczding wmd sluminmom pariicle s'_ze3 cn the sensitivity of
e preprilsnt Lumminx rata To sceelexaticn. Szch inmforms-
Ticn conid lexd o 2 Datler mndersizmding of tha mechsnisns
imrolTed, imdlcata sress for farihar reszerch offoris. sm2
s2rT2 25 = bpsis for tha conmstrmetlicn 2n? eTsimaticn of
ampiysicel modeis.

In grdar 0 sindy thar affect of accaisraltlcn 3lcm o
premailemt Borming mate, AT wis detlided o ms: conTanticml
ITran? Tmmirg tecimigras Im confmmoticn with 2 crniriftcza.
Soth 2 system was dxslizmed smd comstivuoled for soblscting
=oeoeiiamt stramis Lo ceniriftnze? force fields twp to 20T
Times R STANEERTA sereleraticom ©of STevity wWhlle barming =t
Foestliecied pregsuTes Tnom aimgspieric Lo 3000 pomnlds per
szosre Imth. 5 3655 cobic imtE: combusticm bord smd sTévze
taxF, Toltmre exgured esgantisiiy coxsisxl pressurme Surinmg
Trroing., and the weer of elaptivaeiy shicre. two and ome-
goarTer imch domz., Fopriizmt stTenis a2t 2 cexiTifcse —wiics
cf Wrrae Teet AUnited $de totel zoteieraticn champe &urinmg
Sims 0 2est LHE $eTen pET ceml of (hr IMUItIsl Tazve.

Cther InTestiseuors Mave 2irzo Lren workling o poblexs
scooziatel with spizmims sotiel :oleos. and Suring the
ooomee of e m: stniy. LxTestizaticss dmwe Leem Te-
poroed 37 Norttum (5] Crowe, ex ai. 5. am2 caiex [71-

jﬁmm Phrticie sizs refens Lo the mass nedlisn
dizmeter e 2 DixTore o prrilicies. Adxmisnm pwrticle site

Alstritaoticms Fpicad of those weed in cunposie soild pro-
prilazis ey e seem Im FizToe 7. pRSt Tl
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; The reported resumlts, including two amalytical models, are
: discussed in Chapter II, The centrifuge and assocliated
s equipment used in the present study are descr!.‘bgd in dQetall

in Chaster III, and the exmerixental results sve presented
and discussed in Chapter I¥, )

23
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CHAPTER II
RECENT INVESTIGATIONS

Three investigations concerned with the effect of ac-
celeration on propellant burning rate have been reported
since the present wWwork was begun. The first of these inves-
tigatlons was reported by Northem [5] who measured the burning
rate of:an aluninized propellant in acceleration fields up
to 300G. XNortham used the NASA-LRC centrifuge described in
Beference 3 to investigate the effect of acceleration on the
ourning rate of an aluminized composite propellant. The
propellznt nad a ?BAA# binder, ammonium perchlorate oxi-
dizer, and an aluminun fuel additive. A test motor with a
slab grain 4 inches wide x 6 inches long x % inch thick was
used. The motor uas mounted on the end of the centrifuge
arz with the radlial acceleration vector at various angles to
the burning sarface. Acceleration levels were up to 300G
with the acceleration vector directed into, parailel to,
a¥xay fron, and at angles of 30° and 60° to the burning sur-
face. Aiverage chazber pressures ranged from 350 to 829
psla. Che=ver pressure variations were obtained by using
motor nozzles with different throat areas. The results in-

dicate that only acceleraticn perpendicular to and toward

aPBAA refers to a binder material, the composition

of which is presently classifled.

24
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the burning surface affects the burning rate. Burning rate
increase at 300G was approximately 30%.

The second investigation was reported by Crowe, et
al.[?]. Crowe's work represents the first known attempt at
analyzing the effect of acceleration on the burning rate of
aluminized composite propellants.

Crowe first considered the effect of the aluminum par-
ticles belng delayed in their flight away from the surface
and thus burning closer to the surface. He divided the
strata above the propellant surfacs 1ntolfour regions of fi-
nite thickness. In reglon one, the fuel and oxidizer begin
to mix and ignition occurs. In region two, the binder and
oxidizer reaction takes place. In region three aluminum
particle ignition takes place, and in region four, the élumi-
num combustion takes place. The gaseous reactants and prod-
ucts are treated as perfect gases with constant molecular
weight, and the combustion in regions two and four is treated
as the addition of heat at a constant rate per unit length.
Although ignition takes place in regions one and three, the
net heat addition in these reglons is assumed to be zero.

Assumning the Mach number to be small and hence kinetic
energy to be negligible, Crowe then wrote the steady flow,
one dimensional energy equation in each of the four reglons.
The four regions were matched at thelr boundaries with the
requirement that temperatures and temperature gradients be
equal. The result was an expression for heat transfer to

the unreacted solid propellant in terms of the energy
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addivion in regions two and four, the thicknesses of each
of the four regions, the physical properties of the gas, and
the mass flow rate.

By assuming the thickness of reglon four to be greater
than region two, Crowe showed that the contribution cf the
aluminum combustion to the surface heat transfer is negli-
glble unless particle ignitlcn takes place'only a few mi-
crons from the gurface.

This result led to a second model in which Crowe as-~
sumed that sufficiently large particies remain on the sur-
face until they have burned to a critical size. This
critical size is achleved when the aerodynamic drag force
is just equal to the particle weight. Until a particle
reaches critical size, the energy released during combustion
contributes to the heat transfer to the propellant surface.
Having burned to less than critical size, the »particle

leaves the surface. Once a particle leaves the surface its

P

combusfion 1s assumed to contribute nothing to the surface

g

heat transfer rate. Those particles initially less than the

critical size leave the surface immediately and hence have

no effect on the rate of heat transfer to the propellant.
The energy r~uation developed by Crowe and based upon

the agsumptions discussed above, is

R s e P e L e

S

AQ = Polr-r )h, = Prdat(x  /r .07) (1)

where

AQ = additional energy transferred to surface
(cal/cm? sec)
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P = propellant density (gm/cm3 )

: r = burning rate with acceleration (cm/sec)

ro, = burning rate without acceleration (cm/sec)

h, = heat of vaporization (cal/gm)

% = mass fraction of aluminum in the propellant

Q = energy released by aluminum combustion (cal/gm)
r.. = critical particle radius (cm)

rpm = mass median particle radius (om)

Q
i

variance
f(rpc/rpm,oﬁ = fraction of mass which must be removed
; to reduce all particles larger than the
3 critical size to the critical sice

Equation (1) is an expression for supplemehtal energy
available for transfer to the surface due to acceleration.
The rate of heat transfer from the gas phase reaction, which
18 assumed to be rate controlling in the absence of accelera-

tion, is al3o assumed to be unaffected by the acceleration

field. The mechanism of energy transport to the surface and

BET AR v PRI T

its possible dependence on acceleration are not considered.
The equation predicts that the burning rate increase varies
with aluminum mass loading, and it predicts that the burning
rate of a non-aluminized propellant (% = 0) will not be af-
fected by acceleration. Stokes flow is assumed for particle

drag, hence the burning rate increase is sensitive to pres-

AR SN LA

sure only to the extent that gas velocity is affected. Re-

arranging Equation (1) one can obtain

= 1
*/To = To(BR /By T (Tg T ) (2)
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Crowe assumed a lcg-normal perticle distridution and found
the function f(rpc/rpm.aﬂ. Assuning the burning rate to
increase by a factor of twc when all particles burn com-
pletely on the surface, the factor (3Q/h,) equals one-half.
The resultent dependence of burning rate on acceleration is
shown in Figure 3. Figure 3 shows that if &sl1 the parti-
cles are the same size, acceleration will have no effect on
propellant burning rate up to the critical acceleration.
Similarly, with a non-zero variance, acceleration wili have
no effect until the critical acceleration of the largest
particles is reached. The Figure also shows that the as-
sumed maximum burning rate increase is approached faster
with a small varience.

Crowe and his co-workers also performed experiments
with a test motor spinning about its longitudinal a.xis.[6.tﬂ
The internal burning solid propellant grain had a cylirdri-
cal port'and tapered ends to pro%ide a constant burning
surface area. épin rates Were selected to give radial ac-
celerations at the burning surface up to 114G at the end
of burning, and the centerline nozzle area‘was chesen to
give a nominal static chamber pressure of 600 psia. The
composite propellants investigated were PBANS - ammonium
perchlorate (AP) formulations with variations in AP crystal
size, aluminum mass loading, and alumigum particle size.

No significant change in burning rate was found for

the propellant without aluminum. The aluminized

5PBAN refers to a binder material, the composition
of which is presently classified.
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propelisnis 811 showed sn Increase in burninmg rate, the
ragmitunde dapending on AP crystel sirve, siuminnm mess lozd-
ing, and alunmimun particie size. The resnlts for txo pro-
pelient variaticms ar= shown in Figures %3 axd 35,

Coxparing Figures 3 samd ¥b, we s2z2 tael the trend pre-
dicted by the criticel periiciz sirte model gemaralily szTess
xith the dste. The dals indicate & criflcal zccelzratieon
of goont 206G, 2nd =2 mayxirtw buraing rate inmcreese Tactor of
8t least :.%. Fizore 5b 2lsco shows & higher buraing Tate
incresse factor &t the end of cone Tirirmg ot 330G than at ths
Deginning of amothar at 326. This indlcetes tiat accelers-
ticn effects mey b2 Line dependent.

Several difficunitles are enconnierxed inm eppiyinmz
Croxe’s model. The first guesticn cre st ask is: Whalt
is the rass xmedlan particie sirzs and xhat is The Terlavwcs?
The size Alsiributicn of the 2iumincm perticies zdded W
the propeliant duvinmg mixirg is determirmadbie by seversl
zmethods. EZowxever, there is evidence o indicate Ldpt the
2immivon periiciles, omce exposed by the rezressing dirder -
oxidizer systenm, €o ol burm as individoel particies.

Cr=mp [9] has ta¥an high speed plictures {3000 frawess
sec) of burnming alzminized coxposite propeiiants in 2

e G Tield. His flims show particles of aimminmmm, expored
by the rezressing fvel and oxidizer, accmmiating on the
surfaca. That 1is, the paTticies tenied o stick together,
apparentiy msintaining the czuxe spatisl reistlcenship as in
the binder. The accanuisted sivnmimmm then izmited, fused
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o 2 3211 {zcsiomerazed) amd was swept :way from the sor-
Tece. The azsicmerates ¥ene genmerelly 2100 o 30D micrens
in digmelar. Tariatlicons ware mpds im binfer mptarield,
Imizia? alnmiram pariicie site, cxidizer crysisl siza zmd
2Agrimmm ness Irstiicn. Tha motlcon pletores imidtcste »»
sizniTicent affect cn sSFiomarete size 4dne 0 ohsmaes im
Limiar mpderial or imitizd awmiznm particle size. De2cress-
iry axidizer orTysizl sirze ami pimmimem mp3s fra3Tliom Dotk
temnfad To daoress: the aIicmeTele siTe.

Croxp's Testits mot oniy imdicate Zat imitisl gl¥Tmi-
ooz perticie sirze is mpt melaTemi To Crowe's molel, ImT
they 231SD SISt tEat The azzicoerale size @igiridmticn
¥hich 1s 3iznificant To the xodel is mot indapendant of xe-
ceiersticn. Caritainmiy colilislicn and fosicn of szzicuereles
*o23id b2 exparcisd g5 the szsicmerste pryuiaiion dernsiiy im-
cressss 2T the propriismt surfsce.

% mDore taslic AlTicnily is he assmrpticn thet parti-
cles greater thxn the criticii size Tommm on the suzface
TmTil resching the criticel sirze, after which they ars car-
Tiel 237 Dy the flow. Tals ixpiles thet the products of
aimoimmmfoxidizer combustion are carTied zxsy by the ficx.
Crzxp's worXk, howaver, indicales thert st lezst scue of the
oxice is deposited on the moilen surfsce of the agsicuerstes
xhere 1t collects in the form of 2 csp. The resuits re-
ported in the present inmvestization zisc indicate that with
as 11ttie as 8G amcceleration. not all of the oxice 2scapes

from the burning surfsece. 3s sccelerstion is incrensed,
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the amomnt of oxide swept sway Uy tThs flow decreases. AT
SeTerpl Mmmdved G 1T sapptars At a large mars of oxide inm
The Ticinity of (e Lorming sariese xmst De conmsidersd.

The sezond Tt atiendt 2l smgiyzing the effecst f
azczieraticn o solid propeiigmt Lurming Tate mMas repoTTed
ty Sitck. [7] Glick proprsed am extensicn to Sumzerfleldrs
gramuler Aiffosicon fiewe mo2el [26] vo predict the effect
cf scceiaraticn o The booming Tate of non-simminized com-
pesite propelisnts.

In Smmerfield's model [20] it is sssumed tiat propel-
iant Iorming rste is comioilied Ly the rate of energy
traxsfer foom the zas-phase Teatticn 2o the propellant sar-
faze. IT is foriter assumed that the fuel vapor amd/for
cxidirzer vaper is 1itersted from the s01id propsilgmt inm
the foxm o pockets. The mass conlent of these pockets it
assraxed Lo be dependert on oxidirer crystail size ut pot on
sTessure. AL iox pressuTes, chexicai reacticn rates are
sssTwed &0 conizol the buyming rate. 2t high pressnres
the chenicai reactiicn rales are assuzed to be sufficlently
high 350 tZat the mate controiilirg mechanisn is the diffu-
sion of fuel and cxidizer srecles into the razactizsn zones

t the pocket bounlaries.
The erergy bailamce for heat transfer to the propeilant

el & e o
La—=*1

P g =P O e e W S PR TaEN
FALIWMLOEC WUy COUERUC VIV 43 Wiaiw
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whare

A = tharme: condnetiTity of the ges at the
Ses-soiid imterfece (ceifem sec ©%K)

4

ari terzerature sradient in the zss st th
éx|ss =~ interfece (CX/cm)

I = mess fimx (smfex® sec)
X cs = specific Zeet of the solid (csifzz ©X)
’ T = propallent suorisce texparatnre {©X)
[ To = propelisnt initisl temparature (©Z)
Qs = emarsy iibarated during excthermic

@szcempositicn of fuel emd oxidizer (cel/zm)

Tie texperature gredlient (d?/é::}ss is approxizated by

[%Izjss >~ (T;-T /5 (%)

1 where T, (%Zj is the flave texmperature ard L (cz) is the dis-
tance frcm the propeliant surface To the polint xhere the gas
vhase chexmical reacticns 2re ccumplete (flaxme thickmess).

The Tixgwe Thickmess L = (&/j)s)t Xhere })s(s::./cm3) is the

gas density smd T (s2c) is the iifetize of a fuel pocket.

it high pressure where diffuslon is assurmed to be rate con-

trolling, the 1ifetize € is prcportiomal to &2/D where .

ULBAS

d{cn) is the averase diszeter of & fuel pocket and
Dcx?/sec) is the binsry diffusion coefficlent.

i Coxbining Ecuaticns (3) and (&),

(5)

xhere T = propelilant burning rate (cz/sec)

density of solid propellant (sn/cmB)

>
i
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Glick extended Summerfield's model to account for the
effect of acceleration on the flaxe height L. Fe assuzed
the fuel gas to be nore dense than the oxidlizer gas, so
that in the przzence of an acceleraticn field the buoyancy
force would tend to procduce relative rotion between the fuel
poctkets and the surrounding oxidizer gas. Glick consldered
the effact of fthis relative motion on convective mass trans-
port and the velocity with which a fuel pocket would move
&way from the surface.

The only acceleration deperndent parameter on the rignt
hard side of Equation (5) is L. Hence the burning rate

sugzentaticn xay be written
r/r, = Lo/L (6)

where the subscript (o) denotes the absence of acceleratlon.

The flame helght 1L may be written

L = Uf17
where

Uy = comporent of fuel pocket velocity normal
to surface (cm/sec

T = pocket lifetixke (sec)
¥With no acceleration, the fuel pocket velocity equals the
mass average velocity r, PS/PS. and the pocket lifetime T is
proportional to &%/D, hence

Looc To P’/ P.D (?)
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With acceleration, the fuel pocket velocity component

is

Uf = US - AUcoso (8)
where
U_ = mess average gas velocity (cm/sec)

AU = relative veloclty between fuel pocket and
oxidizer (cm/sec)

. © = angle between the acceleration vector and an
inward-drawn normal to the propellant surface

The pocket 1lifetime T 1s reduced by the convective mass

transport. The rate of convective mass transfer m is

m = hpAAC, =€/T (9)
where
hp = coavective mass transfer coefficient (cm/sec)
A = surface area (cm?)

ACy = concentration difference = P

o
'.6
i

density of fuel gas (gm/cm3)

m
n

mass of fuel pocket (gm)

Using Equation (9) Glick obtained for the particle lifetime,

T « (da2/D)(1/sh) (10)

-

The Sherwood number Sh = hp d/D and is the ratio of the con-
vective mass transport to the diffusive mass transport.

Equations (8) and (10) combine to give

L = Uy T o (Ug-AUcos®)(d2/D)(1/Sh) (11)

36
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From Equations (6), (7), and (11),
/vy = (xo P/ P)/ [(US-AUcose)(l/Sh)] (12)

To find (Ug-AUcose) Glick assumed the fuel pocket
buoyancy to be balanced by the drag force. For the fuel
pocket drag coefficient he used Cp = 16/Re which Redfield and
Houghton [11] showed to apply to gas bubbles rising through
a liquid at low Reynolds numbers. Using this value of Cp,
the following expression is obtained for the effect of

acceleration (a) on fuel pocket velocity.
(Ug—-AUcos 0) = rPS/Ps - ad?Ap (cos 0)/16M4, (13)

a = acceleration (em/sec?) and ,ug = gas viscosity (gm/cm sec)

For the Sherwood number Sh, Glick used the form

Sh=¢C, + Cz(ScRe)% =C 7 CZ(AUd/D)& (14)

1

Substitution of AU from Equation (13) into (14) gives
Sh =C, + cz(ad3Ap/,usD)* (15)

Combining Equations (12), (13), and (15) ylelds the final

expression for r/r,. Glirk obtained

r/ro = CB(Gr/Reo)cose +

2

[C%(Gr/Reo) cos?0 +04(GrSc)i + 1]? (16)

where

6r = aaApﬂs//"'pr
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Glick pointed out that the model ceases to apply as a-» .

lim
a-»

because r/ro =0 and because at sufficiently high ac-
celeration the fuel gas will not escape from the surface.

He also stated that acceleration effects should be insensi-
tive to pressure. It is agreed that Sc and Reo are sensi-
tive to pressure6 only through the viscosity'/us. However,
it would appear that Gr is directly proportional to pressure
since gas density abpears twice in the numerator and only
once in the denominator. Hence r/ro should increase with
pressure.

Glick also pointed out that reducing oxidizer particlie
size will reduce the burning rate augmentation r/ro. This
1s in agreement with the results for metalllized propeilants
reported by Crowe [8] and in Chapter IV of this work.

It can be shown that the combination of Eaquations (12),

(13), and (15) with appropriate manipulation resuiis in the

following expression for r/ro
r/fo = (Gr/32Reo)cose +
EGr/BZReo)Zcos%G +C1+CZGr§Sc2]2 (27)

The boundary condition on Equation {(17) is that a%

a=0, r/r_. = 1. Hence C, = 1. Rewriting the first term

o] 1
6T¥7 granular diffusion e nogel predicts r_ o
vary as P!/3 at high pressure. [10 °
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of Equation (17) in tcrms of the problem variables,

il A
32}Ag j?sr o

All the variables in (D can be reasonably estimated with the

exception of [dziﬁf/ Pg— B/ pg)] Equation (17) becomes

cose =@

(Gr/32Reo Jcos® =

r/ry = Q +
<p2+02

s Iff/fg;. %/PEIPZY Sof+1 t (18)
Mg

The absolute value sign | fi‘/ f’g- R/ Pgl appears in Equation
(18) becuuse convective mass transport depends on the magni-
tude only of the relative motion and not the direction of
relative motion. The terms involving (p in Equation (18)
are relative motion terms expressing the effect c¢® accelera-
tion on the fuel pocket velocity. The term involving C2 in
Equation (18) is the mass transport term.

An important unknown quantity in Equation (18) is the
fuel pocket dimension d. Since 100 microns is generally
thought to be the order of the flame height L for typical
composite propellants, the fuel pocket dimension 4 is proba-
bly no more than 50 microns. The relative densities of the
fuel and oxidizer gases are also important, but the composi-
tion of binder gesification products is not known at this
time,

To show the effect of acceleration on a typical non-

sluminized composite propeliant as predicted by Equation (18),

39




the variables are assigned the following values.
r = 1.08 cm/sec
P = 1000 psia = 70.3 Kg/cm?
R = 8.47 x 104 gm cm/gm mole °K
W = 22 gm/gm mole
T = 2100°%K
P, = 1.6 gm/cm’

d = 50 microns

=20
,ug = 5,5 X% 10""+ gn/cm sec
ﬁ%D = 25 x 10-4 gm/cm sec
P, = PU/RT = 8.7 x 10™3 gn/cnm’
W, = molecular weight of fuel gas (gm/gm mol)
W, = molecular weight of oxidizer gas (gm/gm mol)

It is assumed that the fuel gas and oxidizer gas are the

same temperature. If the solld propellant is 20% vinder

and 80% oxidizer, it can be shown (see Appendix I) that the

assumption W, = 2W_ leads to ( Pf/ Pg- )%/ﬂg) =1,

Then P = 6.1 x 10'5G, where G = a/go, and g, = 980 cm/secz.
Assuming .the fuel pocket dimension 4 to be independent

of acceleration, Equation (18) may be written
r/r, = 6.1x1079¢ + [(6.1x1o‘5c;)2 + ke? + 1]"t (19)

Equation (19) requires only one datum point to predict
the burning rate change at other accelerations. If we choose
r/r, = 1.36 at 1500G, then K = 1.5 x 1072, The choice of

fuel pocket size d and the relative fuel anu oxidizer gas

ko




densities have a large effect on the relative importance
of Q. The coefficient K is also affected, but to a lesser
extent.

If we had chosen the fuel pocket dimension to be 20 mil-
crons, then @ = 9.76 x 107%¢, K = 2.09 x 1072,
and

r/r, = 9.76x10"6G +[}9.76110-°G)2 + 2-09110-2G% + %]t. (20)

Equations (19) and (20) are shown in Figure 5.
The burning rate change with acceleration predicted by
Glick's model is compared with experimental results of this

investigation in Chapter IV.
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CHAPTER III
EXPERTMENTAL EQUIPMENT AND PROCEDURES
I. EQUIPMENT

General

The 76 inch dismeter centrifuge shown in Plate 1 was
designed and constructed at the U.S. Naval Postgraduate
School, Monterey, California. The centrifuge was installed
in an experimental test cell at the School's Rocket Labora-
tory. The configuration shown was designed to study the
burning rate of solid propellants in acceleration fields up
to 2000G. The 1665 cu. in. bomb - surge tank system on the
rotor was designed for operating pressures up to 3000 psig.
The centrifuge could be used for other purposes by fitting a
suitable rotor to the vertical shaft. The centrifuge capacl-
ty was 36,000 g-pounds at a maximum speed of 1450 RPM.

A 12 channéi slip-ring assembly was provided for in-
strumentation on the rotor. Pressure in the combustion bomb
wag sensed by a pressure transducer.

Propellant burning rate could be determined by two meth-
ods. Three timers were used to record elepsed burning time
over known distences, and the total dburning time of the
sample was determined from the pressure time history recorded

on a Visicorder chart.
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The centrifuge was operated from the remote control sta-
tion shown in Plate 2.

Centrifuge

The centrifuge base structure was of weided and bolted
censtruction. The base was constructed from standard 12
inch channel and wide-flange beam stock. The struts support-
ing the upper bearing housing were standard steel pipe.

The centrifuge shaft rotated in two bearings. The low-
er bearing was an SKF self-aligning douple-row ball bearing,
and the upper bearing was an SKF spherical roller bearing
(self-aligning). Loads from the lower bearing were trans-
mitted through the base structure to a thrust pad in the
floor.- Loads from the upper bearing were transmitted to the
walls-of the test cell through the tubular struts.

The structural parts of the rotor were made of aluminum,
and were bolted together with aircraft quality steel bolts.
The rotor arms were constructed from 3/4 inch plate. To
these main structural members were secured the combustion
bomb, surge tanks and connecting tubes, fittings and valves,
pressure transducer, and counterweight.

The rotor assembly was secured to the shaft by a pivot
pin. Thus the rotor was dynamically self-balancing. Static
balancing was accomplished by setting the rotor on a balanc-
ing stand and adding or removing cocunterweight plates. -

Aerodynamic drag was reduced to an acceptable level by

fairings on the rotor arms.
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Combustion Bomb -~ Surge Tank System (Rotor System)

=

The bomb -~ surge tank system was wholly contained in
the rotor assembly which is shown in Plate 3. It consisted
of the combustion bomb, two surge tanks, and connecting tubes
and valves. Hereafter, this system will be referred to as
the Rotor System.

The combustion bomb was made from three pleces of 321
stainless steel. A hemispherical cap and a reducer section
were welded to a cylindrlical center section. The reducer
section had a 1 7/8 inch I.D. port to permit insertion of
the strand holder. The strand holder also served as a plug
and was locked in place with an aluminum collar. The bomb
had an inside dlameter of 4 inches and a capacity of 115 cu.
in., It was designed for a working pressure of 3000 psi and
was hydrostatically tested to 4500 psi.

The two surge tanks were Navy SCUBA tenks with a capac-
ity of 725 cu. in. each. They were made of 6061-T6 aluminum
and were designed for a working pressure of 3000 psig. The
tanks were lined with Dow Corning Q 92-009 silicone rubber
sealant for protection against corrosion.

The tubing used in the system waé éeaﬁless, annealed
321 stainless steel. The bomb and'surge tanks wére'con-
nected by 0.375 in. 0.D. x 0.258 in. I.D. tubing. A ball-
valve was located between the bomb and the- tanks. ‘

The system was pressurized through a quick disconﬁect

fitting located between the ball valve and the surge tanks.
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The system could be de-pressurized by a hand operated
discharge valve or a solenoid valve actuated by a switch on
the control console. Both valves were connected to the bomb
by a 0.250 in. 0.D. x 0.180 in. I.D. tube.

Pressure in the bomb was sensed by a pressure trans-
ducer which was connected by a 0.250 in. 0.D. x 0,180 in.
I.D, tube to a tee in the discharge line.

A diagram of the Rotor System is shown in Plate 4.
Strand Holders

The strand holders were all of the same basic type as
shown in Plates 5, 6, and 7. The basic components were a
machined aluminum plug, canvas phenolic slab and strand sup-
port, insulation sheet, and gland seal. The aluminum plug
was a slip flt in the throat of the bomb and the flared edge
at the top of the plug was a metal-to-metal fit relative to
the bomb throat seat. Thus the strand holder was supported
in high radial acceleration flelds, and extrusion of the
O-ring seal was avolded.

The slab and strand support, both of canvas phenolie,
provided structural support for the propellant sample. The
slab was fastened to the plug with two #10-32 FH screws,
and the strand support was bonded to the slab with APCO 210
Resin and 180 Hardener. #6-32 brass machine screws were
used for timing and ignition circuit terminals. The termi-
nals were connected to an Amphenol plug by #20 enameled cop-

per magnet wire. The copper wires were bonded to the back

9
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of the slab with APCO epoxy to protect them from contact with
the combustion products.

Strand holders for use with the electric timers had five
pairs of terminals on the slab; four for the timing circuits
and one for-the ignition circuit. One terminal of each pair
was a common grodﬁa\t the aluminum plug. The remaining
five leads were conne:;;;\;B\the\ﬁmphenol plug through a
single 1/8 in. dia. gland in the aluminum plug. The gland
was reamed on the inside with a 10° tapered reamer so that
the inside of the hole looked like a long thin funnel. With
the electrical leads installed, the remaining space was
filled with APCO epoxy using a hypodermic syringe and needle.
The epoxy provlided an effective gland seal for internal pres-~
sures up to 1000 psig. At 1500 psig some leakage occurred.

The essentlal difference between the strand holders de-
signed for use with the electric timers and those designed
for use only with the pressure instrumentation was that the
latter had only one palr of terminals. Also, commercial
gland seals were used eiclusively In the two wire strand
holders.

The canvas phenolic slab was protected from direct con-
tact with the exhaust.flame by a 3/32 in. thick phenolic
plastic insulation sheet {FSN 933

282 564i). The insula-

0
:ion cheet covered the entire <slab

- -

n

nd was held in place by
the ignition wire terminal nuts and a #3-48 screw near the

aluninus plug.
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Propellant samples were placed on the strand holder with

their bases resting on the strand support. Masking tape

wrapped around the sample and strand holder as shown in Plate

6 held the sample securely in place at all acceleration
levels up to 2000G.

A drawing of the propellant sample and strand holder
installed in the combustion bomb is shown in Plate 7.

Instrumentation and Electrical

RPM instrumentation consisted of a SPACO type PA-1
Magnetic Pickup and a Berkeley Model 5545 EPUT Meter. The

timing digc had 30 .teeth-and - wes mounted behind the shear

coupling. See Plate 8., With a counting period of one sec-
ond, RPM/2 was read on the EPUT Meter.

A Lebow Model 6109-12 instrumentation slip ring assem-
bly was mounted on the centrifuge shaft above the brake
disc. The assembly was rated for 2000 RPM maximum and had
coin-silver rings and silver-graphite brushes for low noise.
Electrical leads from the ring terminals passed through two
holes in the hollow shaft and connected to the underside of
a circular terminal block in the top of the shaft. The slip
ring assembly is shown in Plsate 9.

Pressure in the combustion bomb was sensed by a Daystrom-
Wiancko Type P2-3086 or P2-1251 variable reluctance pressure
transducer. The transducer was mcunted at the centrifuge
axis of rotation in order to minimize the effects of &accel-
eration on the instrument. 28 v. d.c. excitation was pro-
vided by a Hewlett-Packard Mcdel 721A power supply. The
zero to S v. d.c. output was read con a Weston Model 911 D.C.
Voltaeter having an ixmpedance of ZO0XN /volt.

55




,
-
3 .
3 ¥
3
K.
3
:
3
s
d .
3
. E
1
' ;
[ i
-‘ i k
: . !
! 4
3
3 ’ 3
3
3 4
! ¥
3
-. j
3
:
: B
K
p
¥
-
N 3
N K
. 3
. :l
H ¥
H T
Y
3
3 H
r i
A i
o "‘l
X J
- B :i
i 3
N %,
3 ‘l,‘ LA
s B
L e,
LR _;1:;'{;
L
4
E i
: i
F T
..
3
3 i
3
t k'
E e
F E
i B
£ |
3 Y
3
- o
3 E
‘ 3
s - . B
{ -
- =

KT

Al

PRI RN




‘.
3
F
LR
: : gﬁ%‘% e
‘j 2 o ("
. Q: 4 J*;-; 5
Pt

R

. ;
- »;ﬁﬁ' 1!

- 4
R

"

~ el N A

- £
e
‘.ar- Asved; )

Fens

oy
"‘,‘; )

reaan

T

.

-~ "
- SITURITILT LS SIERTIE:

Ny

e vm—— b pamtints 48




PTE—

Pressure change in the bomb was recorded on a Honeywell
Model 1508 Visicorder. A bucking voltage was applied to the
transducer output with a 6 voltdryweell battery and a poten-
tiometer. The resultant small signal then went to a Kintel
Model 112A single ended D.C. Amplifier. Amplifier output
was fed to an M400-120 galvanometer in the Visicorder.
Variable series and shunt resistors in the galvanometer cir-
cult permitted adjustment of chart span and galvanometer
daemping. Zero adjustment was provided by changing the buck-
ing voltage potentiometer setting. A schematic drawing of
the clircult is shown in Plate 10.

Average burning rate was determined by recording
elapsed time during burning over a known distance. The pri-
mary means utilized the pressure time history recorded on
the Visicorder chart. Burning was assumed to commence when
the pressure began to rise, and end when the pressure stopped
rising. Dividing the initial sample length by the total
burning time gave the average burning rate.

The secondary means utilized timing wires and electric
timers. Three Standard Electric Time Co. Model S-1 Timers
were used for recording elapsed time. 115 v. a.c. power to
the timer mcotor cluich ceils was controlled by ¥Magnecraft
Wi33¥MPCX-3 mercury-wetted contact SPIT relays.

Four tizirg wires were equispaced in the propeilant
sample. The timing wires were 0.008 inch dliszeter Pyro-fuse,

wxhich ¥xas cozposed of an aluminum core sheathed in pailadiom.
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At 600° F, the metals alloyed rapidly and exothermically,
thus breaking the 6 v. timer relay holding coil circuits.

The propellant sample was ignited by a #32 (0.008 in,
dia.) nichrome resistance wire. Power was supplied from the
12 v. ¢ c. bus.

Continuity of the ignition and timing circults could be
checked by means of a rotary switch which applied 6 v. d.c.
power to five continuity test lamps. Schematic drawings of
the ignition, timing, and continuity test circuits are shown
in Plates 11, 12, 13, and 14,

Vibration of the centrifuge structure was monitored
from the control station by reading on a Honeywell Model 1508
Visicorder the output from a vibration pickup. The pickup
was & Statham Model A5A-15-350 accelerometer (¥15 g) which
was mounted on the centrifuge structure near the upper bear-
ing (Plate 3). 10 v. d.c. excitation was provided by the
28 v. d.c. output from a Hewlett-Packard Model 721A power
supply in series with a dropping resistor. The * 4 nmv. out-
put from the accelerometer was fed directly Into an M200-:120
galvanoneter in the Visicorder. & schexatic drawing of the
cilrcult is shown in Plate 15. & microphone uas located jJjust
belox the lower bearing at the base of the centrifuge. fudic
noise thus picked up ¥as passed throuzh an srplifiex to ear-
thornes worn dy the cperalior.

The ergine elecirical systex was & stanisrd & T. suto-

woblle sFstenm. & schepatic dmawing is shown in Piste 38,
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PLATE 13

TIMING, IGNITION, AND CONTINUITY-TEST CIRCUITS

63

=




M400-120 Galvanometer '
in Honeywell Model. 1508 Visicorder oo

| 6 VDC Bus |
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PLATE 14
" VISICORDER TIMING CYRCUIT

64




J930WOUPATEY)
0ZT-00CH
JSPICOTRTA
80ST TOPOH

IINONIO dN-Y¥DId NOLLVMEIA

ST Iivid : v
. ATddng *ang VIZL * ,
PXBHORI-33OT,
0. AS2
wm
. pVe)
vost 304 UNL
.*. VA g2+
AR o.wm.l A OT+ .
DSTH

0SE-ST-VSV WBu3R3g OT o¥vTd
Hmﬁoagﬁona Hﬂggg

eInssexy Of i




MRS I ORI

LT T T = T T T s i !».v!ﬂﬂ”ﬂw
PR —cm e s e s e v e~ el - - . 4 . 2 u
o N AR T Tatny A w
] . , N
WALSIS TVOTHLOATY Od *A 9
9T FIVid

JOpPIOATSTA UT
~— £J930WOUBATS) SUTW]] OF

YOITNS 3180%
Ly Tugguoy oy .

=, I BT X O L STY0D JuTpIoH
———— AfeToy Iowyy Of

JojeTniey e8ejTop -

66

Jree —n

oy P m

03 BISUSN)

1933838

N
prousTos
J93IB38

[ Y . -

R O I N S RS N T
it ids - By




Nitrogen Charging System

The nitrogen charging system consisted of a four-
bottle manifold, regulator, gauge panel and flexible charging
hose. The manifold was a Victor "Simplex" discharging type
with a shut-off valve for each bottle and a master shut-off
valve at the manifold outlet. The pressure regulator was a
Victor GD 31 Gas-o-dome regulator, rated for 3600 psi inlet
and outlet pressure.

On the gauge panel were mounted three Marsh Type 220-38
pressure gauges with pressure ranges of 0-10C0 psig, 0-3000
psig, and 0-5000 psig. Sultable valves permitted the selec-
tion of the appropriate gauge for use in pressurlizing the
surge tanks and combustion bomb. The flexible charging hose
was connected to the rotor system by means of a quick-
disconnect coupler.

Drive System

The centrifuge was driven by a 1954 Chevrolet engine
with a 1950 Powerglide transmission. Power was transmitted
to the centrifuge via an automobile drive shaft and a Boston
VR158 Spiral Miter Gear Box. A 285 ft-1b shear coupling was
fitted on the miter gear input shaft, and a double strand
roller chain flex-coupling transmitted the torque from the
miter gear vertical output shaft to the centrifuge shaft.
Controls

The engine throttle setting was controlled by an Adel
ISOdraulic Remote Control System. The centrifuge was

equipped with a hydraulically actuated disc-type brake.

67

N




The brake was actuated by a foot pedal, and a hand operated
cam was used to lock the brake in the ON position. The
brake components are shown in Plates 2 and 8.

A deadman switch was incorporated in the engine igni-

tion circuit as a safety precaution.
II. PROPELLANT SPECIMENS

Formulations

Three basic composite propellants were utilized in this
investigation. The first with a polyurethane binder, the
second with a carboxy--terminated polybutadlene binder, and
the third with a PBAN binder. All three propellants con-
tained ammonium perchlorate oxidizer (AP), and various
amounts of spheriodal aluminum powder (Al).

The polyurethane and carboxy-terminated polybutadiene
propellants were prepared by the U.S. Naval Ordnance Test
Station (NOTS), China Lake, California. The PBAN propel-
lants were prepared by United Technology Center (UTC), Divi-
sion of United Aircratf®t Ceorp., Sunuyvale, California.

To facllitate discussion in subsequent sections, the
polyurethare propellants have been designated the X100
series. The carboxy~terminafed polybutadiene propellant is
the X200, and the PBAN propellants are the X300 series.

Specific formulations are as follows:
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X100 series, Three variations in the X100 series
were investigated.

: . . X101 wt. %
s Binder (polyurethane) ...... 30.4
Al tieeteetereesessrssscenses NONE
AP tiiiiiiieriiernneiianenss 69,6
X102

3 Binder (polyurethane) ...... 27.4
AL (He3) eveeecreonnnessaces 9.7
AP tviviiienereeretensccnases 62,9
X103

Binder (polyurethane) ...... 25.0
AL (H=3) vvveevccornneenanes 17.7

AP tiieveceresoconvenessanes 57.3
X104

Binder (polyurethane) ...... 25.0

A ON e

Al (123) sevvvenernnsenseess 17.7
AP D A A A A A S A A AP NN I N AT SRR A Ay} 57-3

E The AP mass medlan diameter was 195 microns (Tyler
E sieve). The particle size distribution is shown in Figure 6.
1 The H-3 and Al(123) aluminum powders had mass median diame-

ters of 6,3 and 31 microns respectively (micromerograph).
The particle’ size distributions are shown in Figure 7.

X200 propellant. wt., %

Binder (carboxy-terminated
polybutadiene) ..... 14.0

Al (H"'S) ® 0 060000 030000000000 1700
AP (tri-modal) .se-veeeesesss 69,0
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The H-5 aluminum powder had a mass median diameter of
7.1 microns (micromerograph). The particle size distribu-
tion is shown in Figure 7. The tri-modal AP consisted
generally of 20% 600 micron spheres, 50% as received, and
25% ground. The wass median diameter was 195 microns (mi-
cromerograph). The particle size distribution is shown in
Figure 8.

X300 series. Three variations in the X300 series
were investigated.

X301 wt, %
Binder (PBAN) sveveceessoess 19.5

Al et ieiversrssssssnsnsssss NONE
AP (bi-modal) sevessvrssesas 80.5
X302
Birder (PBAN) +seevvecevseess 18.8
AL (H-10) veveevonsensannses W0
AP (bi-modal) eeeveecacecons 77.2
X303
Binder {PBAN) tvevesevsevees 16,4
AL (H=10) vevevvavrocssenses 1641
AP (bi-modal) .seeevecesssess 67.5
X304
Binder (PBAN) teeveceeeecoss 16,2
AL (H-322) sevevcosacsnsesss 16,0
AP (bi-modal) eeveseeveeesss 67.8
The H-10 aluminum powder had é mass median diameter of
approximately 14 microns, and the H-322 aluminum powder had

a mass median dlameter of 47 microns (micromerograph).
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The bi-modal AP consisted of 2/3 as received (190 micron
mass median dia.) and 1/3 ground (9 micron mass median dia.).
The aluminum particle slze distribution is shown in Figure 9,
and the AP particle size distributions are shown in Table I.

Preparation of Propellant Specimens

The propellants obtained from UTC were received cast in
10 inch long paper phenolic tubes. The tubes had a wall
thickness of 1/16 inch and inside diameters of % inch and
3/8 inch.

The propellants obtained from NOTS had been cast in
blocks and then machined into square strands. The strands
were 0.2 inch x 0.2 inch x 4% inches long and 0.4 inch x
0.4 inch x 4% inches long. Each strand was spirally wound
with three turns of heavy-duty household string and placed
in a form for application of the inhibitor.

The inhibitor used on the strands was an unsaturated
polyester resin cured with a peroxide. The resin used was
Selectron 5119 (Pittsburgh Plate Glass). The curing agent
was a 60% solution of methyl ethyl ketone peroxide in d4di-
methyl phthalate ("Garox," Ram Chemical Co., Gardena,
California). The ratios used were 92% Selectron and 8% of
the curing catalyst. The *‘nhibitor was cured at room tem-
perature.

The outside dimensions of the inhibitor cases were
%2 inch x % inch x 4 3/4 inches for the 0,2 x 0.2 inch
strands and 3/4 inch x 3/4 inch x 4 3/4 inches for the 0.4
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TABLE I

X300 SERIES AP SIZE DISTRIBUTION

(UTC)
UNGROUND

Tyler Sieve No. Cumulative % Retained
Min. . Max.

16 0 0

1o < ly 12

65 - 30 50

100 62 80

200 95 99

325 98 100

Mass median particle size, 190 microns

GROUND
Size, microns (micromerograph) Cumulative %
3.6 5
h,2 10
5.6 20
6.6 30
7.7 Lo
8.8 . 50
9.8 60
11.2 70
13.1 80
' 16.0 90
76
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x 0.4 inch strands. The propellants were received from
NOTS processed as described above,

All propellants received from UTC and NOTS were x-rayed
for voids using a standard overhead medical x-ray unit.

Only about one percent of the X100 series and X200 alumi-
nized propellants were rejected on the basis of the x-rays.
Nearly 60% of the non-aluminized X101 propellant samples
were rejected due to many small voids in the propellant.
Approximately 30% of the X300 series propellants were re-
Jected due to voids betwesn the propellant and the tube wall

The propellants selected for investigation were then
cut into appropriate lengths, Those to be used with timing
wires were cut with & hacksaw using the jigs shovn in
Plate 17. The sample lengths were 2 3/4 in. for 3/4 in.
wire spacing and 2% in. for % in. wire spacing. Those to be
used without timing wires were cut on a bandsaw into 2% in.
lengths.

Samples to be used with the electric timers were drilled
for timing wires with a #72 (0.025 inch dia.) drill. The
Jigs shown in Plate 17 were used for hole spacing. Guide
holes in the Jjigs were located with a dividing head wlthin )
0.0005 in. Four holes wsre drilled in the semple at % inch”
or B/A.inch intervals with at least % insh between the be-
ginning of the sample and the {irst timiﬁg wire, and at
least & inch between the last timing wire and the end of the

sample.
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After numbering, the length of each sample was measured
with a micrometer caliper or a 2 to 3 inch micrometer.
Repeated measurements indicated that the measured lengths
were accurate to plus or minus 0.002 inch. The height and
width of the square cut strands were measured at each end
with a scale graduated in 50ths of an inch. The length and
average height and width were recorded.

With the exception of a few early test specimens, a cap
of high-temperature epoxy (Hetron 197) was cast on one end
of each sample. A plece of 3/4 inch wide masking tape
wrapped around the end of the sample provided the walls for
the form., After curing at room temperature, the cap was
sanded square on a disc sander, the final cap thickness be-
ing 1/8 to % inch. Thus each test specimen was similar to
a small end-burning motor with a port-to-throat area ratio
of one. Tﬁ; "motor case" was paper phenolic tube or poly-
ester resin, and the epoxy cap served as the head-end
closure.

The samples were prepared with a rigid inhibitor and
end . closure for two reasons: to provide mechanical sup-
port for the visco-elastic propellant in the anticipated high
acceleration environment, and to retain any non-gaseous resi-
due that might remain at the end of burning.

The samples were stored in a hazard-safe oven at ambi-
ent temperature (10 to 25° C.). Samples of the particular
propellant being investigated were stored in a refrigerated

oven at 20° + 1° C.
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Attachment to Strand Holder

The timing wires were threaded through the holes in the
semple, and then secured to brass #6-32 terminals on the
strand holder using brass hex nuts. The sample was held in
place by masking tape wrapped around the semple and the body
of the strand holder. Samples to be used without timing
wires were simply taped to the strand holder and the igni-
tion wire installed.

The #32 nichrome ignition wire was attached to termi-
nals similar to the timing wires, with its mid-span touch-
ing the end of the propellant. In some experiments, the
ignition wire was placed on the end of the inhibitor case,
1/32 to 3/32 iuch away from the propellant. In either case,
the propellant surface was coated with approximately 50 mg
of FFFg black rifle powder granules for rapid flame propa-
gation. The binder used to adhere the granules to each
other and to the propellant surface was LePage's Model (A)
Airplane cement. One drop of cement thinned with acetone
was adequate for about 750 mg of powder.

A completed specimen (without timing wires) ready for
ingsertion in the bomb is shown in Plate 6. Up to seven
specimens as shown in Plate 6 were prepared in advance and

temporarily stored in the refrigerated oven at 20°C,
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III. EXPERIMENTAL PROCEDURE

Instrumentatién was turned on approximately thirty nin-
utes before the first experiment of the day to allow time
for warm-up. At the end of this period, pressure transducer
excitation was set at 28 v, d.c. using the Weston Model 911
voltmeter, and transducer output was checked at a pressure
approximately equal to the anticipated test pressure, either
500, 1000, or 1500 psia. This was accomplished by connect-
ing the charging hose directly to the bomb using a coupler
fitting with the poppet valve removed. Hence there were no
flow restrictions between the transducer port and the appro-
priate gauge at the charging station.

fter completion of the transducer calibration an ASTM
thermometer was inserted in the bomb where it remained for
approximately three minutes. At this time, the zero psig
transducer ouvtput was read and recorded.

The first propellant sample was then removed from the
refrigerated oven and installed in the bomb. For accelera-
tion levels greater than 10G the strand holder was installed
with the slab in a horilzontal plane as shown in Plate 7.

For acceleration levels at or below 10G the propellant spec-
imen was taped on the slab at an angle with the aid of a
protractor and information from Figure 12, and the strand
holder was installed with the slab in a vertical plane.

Thus the strand axis was aligned with the anticlipated accel-

eration vector.
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Continuity of the ignition and timing wires was checked
and the temperatures inside the bomb and at the control sta-
tion (ambient) were recorded.

The rotor discharge valve was closed, the discharge
line removed, and the charging hose connected to the charg-
ing valve on the rotor. As the pressure in the charging
hose was brought up to the surge tank pressure, the ball
valve was opened slowly. This permitted fresh nitrogen to
enter the bomb as well as the surge tanks. The rotor system
was pressurized to a gauge pressure, as read on the appropri-
ate gauge at the charging station, which would give the de-
sired absolute pressure at the acceleration anticipated for
that particular experiment. Thus

psig = psia - 15-AP + 8

where
‘Psig = gauge pressure read at charging station
psia = desired absolute pressure in the bomb for
the burning rate experiment
15(psia) = approximate atmospheric pressure
AP = correction for centrifugal force

(83% at 2000G - see Appendix II)

8(psi) = pressure differential required to unseat
the rotor charging valve

With the rotor system charged to the desired gauge pressure,
the charging hose was depressurized and disconnected from
the rotor.

After starting the engine, the transmission was engaged

and the test cell vacated.
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After recording the transducer output voltage the cen-
trifuge was brought up to the desired speed as indicated on
the EPUT Meter, the timers set at zero, and the pressure
transducer output trace located near the left-hand edge of
the Visicorder chart. The strand ignition switch was then
held on until the pressure signal indicated ignition. Cen-
trifuge BRPM was closely monitored as long as the strand was
burning. RPM did not vary more than plus or minus two. At
the end of burning as indlcated by the pressure trace, the
throttle was closed, engine ignition turned off and the
centrifuge allowed to coast to a stop. Timer readings and
the average EPUT Meter reading were recorded on the data
sheet.

The Visicorder chart span was adjusted to- give approxi-
mately a flve inch displacement of the pressure trace from
the beginning to the end of burning. The trace was- ini-.
tlally set about. one inch from the left hand edge of the:
raper. Chart speed was generally one inch per.second. For
some runs where burning rates greater than 0.5 in/sec were
expected the chart speed was 2 in/sec. On some runs where
the burning rate was expected to be less than 0.15 in/sec
the chart speed was 0.8 or 0.4 in/sec. The timer -wasg-set to
glve tlme lines at the rate of one per -second..

The chart was .turned on approximately two seconds be--
fore the strand was ignited. This was to insure the appear-
ance of at least one time line on the chart before ignition:.

Approximately two seconds after the end .of burning, as
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indicated by the trace on the chart, the chart was turned

off. This record was then cut off of the remaining roll of t
paper and the following information added: run number, date,

propellant designation, pressure, N (RPM/2), and sample ,
number. ;
After the centrifuge had coasted to a stop, the trans- F
mission was disengaged and the rotor moved to a poéition !
where the discharge line could be connected to the discharge
valve. The surge tanks were then isolated from the bomb,

the bomb depressurized and the strand holder removed. An

- —— wa

industrial vacuum cleaner suction hose was inserted in the ;
bomb for purging and cooling.

The vacuum cleaner was allowed to run for about three

-~ e W .

minutes. After removal of the wvacuum cleaner hose, the

thermometer was inserted in the bomb.

While the bomb was being cooled with the vacuum cleaner,
the inhibitor case was removed from the strand holder, F
marked with the run number, and the open end sealed with
masking tape. The inhibitor cases were saved for future
analysis of possible residues retained at the end of burning.

The strand holders were cleaned in cold water with a
laboratory bottle brush and dried using an air hose.

Comments on Experimental Methods

Initial experiments using the X104 and X304 propellants

were carried out employing both the electric timers and the y

pressure~time history to calculate average burning rate.

Number 32 (0.008 in. dia.) nichrome wire was initially used
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for timing wires. However, 1t was found.that although the
Wwires melted as the flame front passed, there was a suffi-
clent amount of condensed phase combustlon products re-
tained on the inside walls of the inhibltor case to conduct
a current. In many cases thls current was sufficient to
hold the tlming relays in the actuated position. The re-
sistance across the timing wire terminals after a test
varied from 100 {} to open circuit. Although the relay
holding coils, which have a nominal resistance of 250 N ,
are advertised as 12 v., it was found vhat all of six relays
on hand would close witva 4.5 volts or less, while dropout
voltage varied from 2.3 to 0.5 volts. Hence the effect of
the passing flame was not to break continuity as in the case
of more conventional strand burning experiments, but merely
to insert a resistance in the circuit; this resistance was
generally too low to result in actuation of the relays.

In an attempt to solve this problem, #32 copper wire
was used, the thought being that its lower melting point
would permit the wire tc melt away from the conducting resi-
due in the inhlibitor case. The performance'of—the copper
wire was no better than the nichrome.

A second attempt to solve the problem was mace using
#32 Pyro-fuse. The Pyro-fuse wire was composed of an alumi-
num core sheathed in palladium. At 600°F, the metals ul-
loyed rapidly and exothermically. With the Pyro-fuse timing

wires the electric timer performance was rellable.
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The use of tlming wires was found to be excessively
tedious due to the time required to drill holes, insert the
timing wires and make the necessary electrical connectlons.
In addition, the pressure-time history indicated that the
timing wire clearance holes acted like small volds in the
propellant. This was aggravated at higher accelerations.

A comparison bepween the average burning rates obtained
from the electric timers and the pressure-time history
showed agreement generally within 2%. In view of this
agreement and the above mentioned disadvantages, the timing
wires were not used after the first 75 experiments.

The head end of the propellant specimens used early in
the program was capped with a double thickness of masking
tape. This proved effective up to about 50G. At higher
accelerations, the hot resldue burned through the tape and
escaped into the bomb. A cap of APCO 210 Resin and 180 Hard-
ener was then cast on the end in order to retain the hot
residue., This proved to be adequate at 2007 and below, but
not above 200G. The caps of Hetron 197 high-temperature
epoxy described in the section on preparation of propellant
samples were found to be effective at all levels of accelera-
tion up to 2000G.

The first strand holders used in the program had slabs
made .of silicone glass laminate (Budd po. Dilecto Grade 607).
This material was found to have the best.combineation of

strength, dielectric and high-temperature properties of the
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several commercial laminates investigated. However, protec~
tion of the slab from the hot combustion flame remained a
problen.

A remarkably effective insulator was found to be a 3/32
in. thick phenolic plastic insulation sheet (FSN 9330 282
5641). Contact with the propellant flame causea surface
charring which was easily washed away with a brush and cold
water. The insulation sheet would last for about 20 experi-
ments after which it was easlily replaced. It was found that
with the phenolic insulation sheet between the flame and the
slab, the high temperature properties of the silicone glass
were not required. Subsequent strand holders were made with
canvas phenolic slabs and strand supports.

The rapld estahlishment of a uniformly burning surface
across the entire cross-section of the strand was believed
to be necessary because of the relatively short samples be-
ing used. In order to achieve this goal, the ignition wire
was lald against the propellant across the middle of the
cross section and a layer of FFFg black rifle powder gran-
ules spread across the propellant surface. Thus ignition
would take place in the center of the strand face and pro-
ceed outward in both directions. It was found during the

experimental program, however, that the location of the ig-

Y

nition wlre had a significant effect on the burning rate o
the non-aluminized propellants at low accelerations. Hence
for the remainder of the program the ignition wire was laid

on the inhibitor case 1/32 to 3/32 inch from the propellant,
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FFFg black rifle powder was used not only to cover the face
of the propellant but also to connect this covering to the
ignition wire., Thus the ignition wire was out of the ex-
haust flame and remained intact throughout burning. The
pressure — time histories indicate rapid ignition regard-

less of ignition wire location,
IV. DATA REDUCTION

Determination of Burning Rates

Average burning rates for the propellants between the
timing wires were calculated by dividing the distance be-
tween two adjacent wires by the elapsed time indicated by
the timer. The three values thus obtalned were averaged to
obtain the average burning rate.

Detgrmining average burning rate from the pressure time
history was more involved. Burning was assumed to commence
with ignition of the black powder. This appeared as a step
input on the chart and was well defined. The end of burning
was assumed to occur at the point of maximum pressure. The
pressure in the system decreased after burning due to gas
cooling. This point was not always well defined. In these
instances the method of tangents was used to define the end

of burning.

Small variations in the Visicorder chart speed were ob-

served from one run to the next. However, the frequency of

the time lines was constant at 0.965 lines/second. This was
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determined by putting a 60 cycle signal into the recorder
and counting the number of input signal peaks between time
lines.

The number of time line intervals between ignition and
end of burning was determined by adding the fractional in-
tervals at the beginning and end to the number of whole in-
tervals in between. The fractional intervals were deter-
mined with a scale graduated in 50ths of an inch. The
necessary assumption was that the chart speeds were constant
throughout the time line intervals in which ignition took
place and burning ended.

Total elapsed burning time tb was found from

ty (sec) =total time line intervals/(0.965 inter-
vals/sec)

and the average burning rate r was found from
r (in/sec) = sample length (in)/tb (sec)

Determination of Acceleration Field

At constant RPM, the acceleration field in the combus-
tion bomb had two components: a vertical component due to
the earth's gravitational field, and a radial component de-
pendent on the radius and angular velocity. Hence the ac-
celeration vector always remained in a vertical plane, but
both direction and magnitude were dependent upon angular
velocity. With the centrifuge at rest, the direction was
vertical and downward. At high speed, the direction was

nearly horizontal.
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The symbols used are defined as follows: {

radial acceleration/Tt radius (1/sec2) ’

a
r = radius (in)

N = number in EPUT meter display (RPM/2)

g = acceleration due to gravity (32.2 ft/secz)

4 G! = a/g = unit radial load factor per foot
i radius (1/ft)

e e e a A - €

Gp = radial load factor = G;(x/lz in/ft) C
(dimensionless) _} |
;

G = total load factor

W
The radial acceleration per foot radius is

a = rw? = (1 £t)(41TN)/((60 .sec/min)?(1 f£t))

N2/(4.775)2 1/sec?

angular velocity (radians/sec)

S v mem s

i
and !
Vo _ 2. 2 4
k Gr = a/g = N°/((4.775)" x 32.2) ;
= N2/734.5 y
or :
N = 27.1 (G;)%

At a radius of 35.6 inches (the mid-point of the pro-

pellant sample) the radial load factor is

wrn Ao roma s 4 %=

¢ Gr = (35.6"/(12 in/ft)) G,
|
= N2/247.5 f
and N =15.72 (Gr)% ‘i

For radial load factors of 10 or more, the contribution

s

of the vertical component is less than one percent. Hence for
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Gy > 10, the acceleration vector G 1s assumed to be hori-

zontal and equal to Gn. That is,

N2 /247, 5 (21)
15,72 G%

G

and N

I

This solution is plotted in Figure 10.
For Gy, £ 10, the vertical component is taken into
account. The solutions are shown in Figures 11 and 12.
Figures 10, 11; and 12 were used to select the value of
N to obtaln the desired acceleration. The recorded value of

N was used to calculate G from Equation (21).

For experiments at or below G, = 10, Flgure 12 was used.

in conjunction with Equation (21) to calculate G.

Experimental Error

The primary means for determining average propellant
burning rate utilized ti.c pressure-time history and the pro-
pellant strand length. The pressure-time history traces on
the charts were at least five inches long, and were measured
to within + 0.1 inch. The propellant strands were at least
2.125 inches long and were measured to within *+ 0.002 inch.
Hence the probable uncertainty in burning rate measurement
is within + 2.1%. The secondary means for determining aver-
age burning rate utilized timing wires and electric timers.
Three adjacent timing intervals were each at leagt one-half
inch long, and the 0.025 inch diameter timing wire holes
were located within + 0.0005 inch. The electric timers in-
dicated elapsed times of at least 1.5 sec.,, and could be
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read to + 0,01 sec. Assuming the total uncertainty in wire
spacing to be *+ 0.025 inch in the total timing distance of
1.5 inches, the probable uncertainty in burning rate measure-
ment is less than + 2,03%. Repeated measurements of strand
burning rates are typically within *+ 2% of the average value
for the type propellants used in this investigation.

Radial acceleration is dependent on (RPM)Z which did
not vary more than * 2 RPM. At 100G the corresponding RPM
was 314, The average propellant sample radius was 35.6
inches *+ 0.2 inch. Hence, at 100G or greater, the probable
uncertainty in radial acceleration 1is within + 1.4%.

The pressure gauges used in charging the rotor system
could be read to + %% of the full scale value. Repeated
comparisons between the gauges and the pressure transducer
indicated that the rotor system was pressurized to within

+ 1% of the desired pressure at all three pressure levels.
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CHAPTER IV
EXPERIMENTAL RESULTS AND DISCUSSION

Experimenfal results are presented for burning rate
change with acceleration and pressure for three basic pro-
pellants. The effect of varyilng aluminum mass loading and
aluminum particle size in two of' the baslic formulations is
shown. The results are compared with the critical particie
size model and the modified gféﬁular diffusion flame model
discussed in Chapter II.

Results of an analysls of propellant residues using

infrared spectrophotometry and x-ray diffraction techniques

are also presented.
I. BURNING RATE EXPERIMENTS

General

Results are presented in the form of burning rate aug-
nentation (r/ro) and actual burning rate (r) as a function
of acceleration (G). Burning rate augmentation (r/ro) is
defined as the actual burning rate (r) at a given pressure
and acceleration divided by the burning rate at tﬁe same
pressure with the centrifuge at rest (ro). Combustion bomb
pressure, either 500, 1000, or 1500 psia, is the parameter.

Radial acceleration levels varied from zero with the

centrifuge at rest to a maximum of 2000 times standard
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gravity (2000G). With the exception of the zero radial ac-~
celeration condition, the acceleration vector was always
normal to and directed into the burning surface. That is,
the burning end of the strand was toward the centrifuge axis
of rotation. With the centrifuge at rest, the one G field
due to the gravitational field of the earth was parallel to
the burning surface.

Two different size strands were used in the X104, X200,
and X304 propellants. The X1C4 and X200 strands were 0.2

T

inch x 0.2 inch x 2% inches and 0.4 inch x 2.4 inch x 2%
| inches. The X304 strands were %+ inch diametei and 3/8 inch
diameter. In general, squares denote data obtained using
Pt the larger strands, and circles denote data obtained using
the smaller strands.
Each datum point is the resﬁlt of one experiment.
Curves are drawn to indicate the apparent trend of the data.
These curves are used to faclllitate comparison of results.
Results for the X100 series propellants are shown in
Figures 13 through 36. The X200 propellant results are
shown in Flgure 37, and the X300 series are shown in Flgures
38 through 57.

X100 Series — Polyursthane Bindexr

X101 — no aluminum. Experimental results for the X101

prupellant are shown in Figurce 13 through 20. The Figures
‘ 3 <
H " show data points with and without an asterisk (*). An as-

F terisk by a datum point indicates that the ignition wire did

not break or melt and was still intact after the experiment.
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In these instances the ignition wire was placed on the edge
of the inhibitor case so that it would not melt in the flame,
The lack of an asterisk by a dacum point indicates that the

ignition wire was pluced across the face of the propellant

'é%rand and was not intact at the completion of the experiment.

The length of the missing segment was abouf,o.z inch; and
its mass was about 1.34 mg. If the wire melted and formed
two equal size spheres,7 they would have been about‘540 mi-
crons in diameter. These spheres, if held against the burn-
ing surface by centrifugal force, would have been immersed
in the gas-phase reaction zone. Thus they could have served
as good conductors of energy to the propellant.

Figures 13 through 20 shcw considerable buraing rate
augmentation when the ignition wire was allowed to burn
through. At all three pressures the burning rate increased
rapidly with acceleration up to about 100G. Above 100G the
burning rate continued to increase, but at a much slower
rate. At 1000 psia and above 350G, the propellant strands
stopped burning after ignition. In some cases extinguish-
ment was near the beginning, and in some cases near the end.
At 1983G ignition took place, but extingulshment followed
after burning about 1/16 inch in the immediate vicinity of
the ignition wire. This same strand subsequently burned
normally et 1500 psia, zero G. At 1500 psia, tlie propellants

7High speed pilctures of aluminum wires burning in oxy-
gen indicate that when the wires breek, molten spheres form

on the wire ends and travel outward toward the wire suspen-
sion points. [12]
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burned normally up to 500G. At 1500G the propellant would
not ignite without black powder, and at 1980G only about
1/16 inch of the strand burned. At 1000 and 1500G the
strands burned completely, but the pressure traces indicated
voids in the propeliant.

A comparison of the burning rate augmentation at dif-
ferent pressures in Figure 20 shows that for a given accel-
eration, the augmentation increased with pressure.

When the ignition wire was placed on the edge of the
inhibitor case so that it would not melt in the flame, mucnh
different results were obtained. At 500 and 1000 psia,
there was an increase in burning rate st 100G. At 200G
there was a decrsase; that is, the burning rate was lower
than with zero G. Al 300G the strands stopped burning after
about 3/8 inch. No such experiments were run at 1500 psia.

Considerable deposition of a black powdery substance,

believed to be condensed phase combustion products, occurred »

on the inside walls of the inhibitor case at zero G. The
amount of deposition decreased rapidly with increasing accel- '
eration, and the material was not accumulated in the capped
end of the case after the experiment. It is believed that
at the higher burning rates caused by the presence of the
nichrome at the burning surface, the gas velocity was suffi-
cient to reduce the deposition of material on the inhibltor

case walls.

X102 — 9.7% 6.3 micron alurinum. The X102 propellant

was investigated at 1500 psia only for comparison with other
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variations in the X100 series. :Figures 21 and 22 indicate
that the presence of the ignition wire had insignificant
effect on the burning rate augmentation. The Pigures show
a rapld increase in burning rate up to 25G, after which the
slope of the curve is much lower., However, the slope in-
creases agaln above 500G. It is interesting to note that
the only other formulations showing increasing acceleration
sensitivity above 500G were the X302 and X303, both PBAN
1ormulations with 14 micron aluminum.

X103 — 17.7% 6.3 micron aluminum. The X103 propellant

was investigated at both 500 and 1500 psia. As shown in
Figures 23 through 27, the initial augmentation is not as
rapid as with the X101 and X102, and the rather abrupt change
in slope 1is also not present. It should be noted that par-
ticularly below 100G the curve indicates only the general
trend. It may be that additional data points in the low ac-
celeration range would reveal a rapld augmentation increase
up to about 10G, a leveling off, and then another increase
in the 50 to 100G range.

X104 — 17.7% 31 micron aluminum., Both 0.2 inch x 0.2

inch and 0.4 inch x 0.4 inch X104 strands were used. From
the results shown in Figures 28 through 32, it was concluded
that within the range of sizes used, the burning rate and
burning rate augmentation are not significantly affected by
slze.

Four 0.2 inch x 0.2 inch strands inhibited with 40X415
Plastisol Primer (Stanley Chemical Co.,, East Berlin,

145




A o

A= sy

Connecticut) were burned at 500 psia. Two were burned at
zero G and two were burned at 20G. The average burning rate
at zero G was used to calculate burning rate augmentation
at 20G. FPFigures 28 and 29 show that while burning rate is
affected by the inhibitor material, burning rate augmenta-
tion apparently is not.

Figure 34 shows that burning rate augmentation in-
creased with pressure (500, 1000 and 1500 psia) at all ac-
celerations up to 1000G.

Comparison between X100 series formulations. Figures 35

and 36 show the comparative burning rate change for the X100
series propellants at 1500 psia. Figure 35 shows actual
burnirg rate and Figure 36 shows burning rate augmentation.
Of particular interest is the behavior of the non-aluminized
propellant, in which the augmentation is attributed to the
1.34 mg, nichrome ignition wire. Except possibly for

G < 15, it showed greater augmentation than any of the
aluminized formulations. If it is assumed that the ignition
wire, which was by mass 60% Ni, 25% Fe, and 15% Cr, reacted
with the oxidizer to produce NiO, Fe203, and Cr03, it can be
shown that the energy released would have been only about
1/800 that released by the formation of XCJHQOB from all of
the aluminum in the X102 propellant. This suggests that an
increase in thermal conductivity between the reaction zone
and the solid may be an important mechanism. It further in-

dicates that the observed increases in burning rate shown

by the aluminized propellants were not due simply to the

146

. N & s P

T

At b 3R

PR T

>




Sl ATy

T

releagse of additional energy close to the propellant sur-
face.

Also of interest is the comparison of the X102 and the
X103 in Figure 36. The X102, which had half as much alumi-
num showed more sensitivity to acceleration below 90G and
above 925G. It was anticipated that the X103 would be more
sensitive to acceleration at all values of G.

The X104, which had the larger aluminum particle size,
was more sensitive than the X103 up to 525G. From that
point on, the Xi03 augmentation was greater. Above 800G,
the X104 showed less augmentation than either the X102 or
X103.

X200 — Carboxy-terminated Polybutadiene Binder, 17.7%

7.1 Micron Aluminum

FPlgure 37 shows log (r/:co - 1) as a function of log G
for 500, 1000, and 1500 psia. Unllke the X100 series, there
was little pressure dependence assoclated with acceleration
sensitivity. Also, the augmentation at 1000G was only 1.23,
while the X103 showed an augmentation of 3.8, Thls indi-
cates strong dependence of augmentatlon on oxidizer parti-

cle size distribution and/or binder material.

X300 Series ~- PBAN Binder

X301 ~ no aluminum, Figures 38, 39, and 40 show burn-

ing rate augmentation as a function of G at pressures of
500, 1000, and 1500 psia respectively. The asterisk (%) de-

noctes that the ignition wire wag still intact after the
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strand holder was removed from the bomb. The Figures show
this to be a significant factor below 200G. When the wire
remained intact, the propellant burning rate was insensitive
to acceleration up to sbout 100G. At 1000 psia this thresh-
old appears to lie between 75 and 100G. As acceleration was
increased, the augmentation increased rapidly and then
leveled off. This is in sharp contrast to the X101 where
acceleration resulted in propellant extinguishment at 300G
and greater.

At about 300G and greater, the disposition of the igni-
tion wire appears to be insignificant. 1i.e., there was 1lit-
tle difference, if any, between the points with and without
(#), This indicates that the mechanism responsible for the
angmentation increase remained rate controlling in spite of
the presence of the ignition wire. This also is in contrast

with the X101.

It is of interest to note that the pairs of data points

on Figure 38 marked 1 and 2, 3, and 4, and 5 and 6 are in the

same acceleration ranges, yet show quite different burning
rate augmentation. Ambient temperature and bomb temperature

for these experiments were:

Datum Point Ambient °c. Bomb °C.
1 17 19
2 19 20
3 23 25
4 24 25
5 22 23
6 23 24
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Experiments 3 and 4, and 5 and 6 were done in sequence
on two different days. Experiments 1 and 2 were done on the
same day, but not in sequence. Both the strand holder and
propellant sample were in all six instances at a uniform
temperature of éO°C. when removed from the refrigerated
oven. Elapsed time from removal from the oven to installa-
tion in the bomb was about 30 seconds, and elapsed time from
installation in the bomb to ignition was two to three min-
utes. Hence the propellant temperature at the time of igni-
tion should have been close to 20°C. The spread in the data
points marked 1 through 6 indicates the possibility of sig-
nificant temperature dependence of acceleration sensitivity
in the threshold range.

Figure 42 shows the comparative augmentation for 500,
1000, and 1500 psia. The curves are essentially the same up
to 300G. At higher accelerations the augmentation decreased
with increasing pressure. This trend is opposite to that
shown by the X101 propellant,

X302 — 4% 14 micron aluminum. Results for the X302

propellant at 1000 psia are shown in Figures 43 and 44. The
shape of the curve is similar to the X102, also a lightly
loaded propellant. The high burning rates at 1500G and
greater suggest volds in the propellants, but in all three
runs the pressure traces indicated even burning.

X303 — 16% 14 micron aluminum. Results for the X303

are shown in Figures 45 and 46. The data show a rapid in-

crease in burning rate up to about 50G where there is an
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abrupt decrease in slope. At higher accelerations approggch-
ing 2000G a gradual increase in slope is indicated, How- '
ever, the increase is not nearly so great as with